Abstract Human (HN) prevents stress-induced apoptosis in many cells/tissues. In this study we showed that HN ameliorated chemotherapy [cyclophosphamide (CP) and Doxorubicin (DOX)]-induced male germ cell apoptosis both ex vivo in seminiferous tubule cultures and in vivo in the testis. HN acts by several putative mechanisms via binding to: an IL-12 like trimeric membrane receptor;
Introduction
HN is a mitochondrial derived 24 amino acid peptide which prevents cell damage from stress/injury in many tissue/cells, including neuronal tissue [1] [2] [3] , heart and blood vessel [4, 5] , bone [6] , blood-derived cells [7, 8] , pancreas [9, 10] , and male germ cells [11, 12] . We have previously shown that male germ cell apoptosis can be induced in rodents [13, 14] , monkeys [15, 16] , and men [17] by a variety of apoptotic stimuli including testicular hyperthermia, and administration of insulin-like growth factor binding protein 3 (IGFBP-3), gonadotropin-releasing hormone antagonist (GnRH-A), or testosterone (to suppress endogenous gonadotropins and subsequently intratesticular testosterone) [18] . Administration of HN prevents GnRH-A, heat, or IGFBP-3 induced male germ cell apoptosis in rodents [11, 12] . The anti-apoptotic effect of HN may be mediated through binding to: (1) a membrane receptor composed of glycoprotein 130 (gp130) and WSX-1 (IL-27 receptor subunit a) via activation of the STAT3 pathway [2, [19] [20] [21] ; (2) a G protein-coupled receptor formyl peptide receptor-like-1,2 [8] ; (3) BAX intracellularly to sequester BAX in the cytosol preventing its translocation to mitochondria to initiate apoptosis [12, 22] ; and (4) IGFBP-3 and restraining its pro-apoptotic actions without competing with IGF-I/IGFBP-3 association [23] . Using analogues of HN with different binding properties may help to dissect the mechanisms of anti-apoptotic actions of HN [22] [23] [24] [25] .
Advanced chemotherapies of cancer patients have increased survival and life expectancy, and also increased expectations for a more favorable adverse effect profile. Of the long term adverse effects of chemotherapies on cancer survivors, infertility has emerged as one of the chief complaints [26] [27] [28] . Accordingly, we explored the role of HN and HN analogues in preventing male germ cell apoptosis induced by chemotherapeutic drugs in mouse models. Doxorubicin (DOX) was chosen for the ex vivo study as an anthracycline antibiotic that acts by intercalating DNA to suppress proliferation and increase apoptosis and is active in vitro [29] . Cyclophosphamide (CP) was used in the in vivo animal experiments because it requires liver cytochrome P450 metabolism to become the activated form of the drug, 4-hydroxy-cyclophosphamide, which circulates to cancer cells and damages DNA leading to apoptosis [30] .
Materials and methods

Materials
Cyclophosphamide monohydrate (CP) and doxorubicin hydrochloride (DOX) were obtained from Sigma (St. Louis, MO). HN peptide and the HN analogues were synthesized by CPC Scientific (Sunnyvale, CA). The brief description of the characteristics of each of the analog is provided in Table 1 . In our in vivo experiments, HN and five HN analogues were studied by using a CP-induced male germ cell apoptosis mouse model. These analogues include HNG (HN with a substitution of serine 14 to glycine, HN-S14G) [31] [32] [33] , HNG-F6A (HNG with a substitution of alanine for 6th phenylalanine, no binding to IGFBP-3) [23] , HN-S7A (HN with a substitution of alanine for seventh serine, dimerization defective) [34] , HN-C8P (HN with a substitution of proline for eighth cysteine, no binding to BAX) [1, 22, 34] , and HN-L12A (HN with a substitution of alanine for 12th leucine, HN antagonist dimerizes with HN preventing HN binding to receptor) [34] . The rationale of using each of the analogues was to dissect the possible mechanisms of HN in preventing apoptosis.
Mouse seminiferous tubule ex vivo culture A total of 15 mice were used for ex vivo studies. The animals were sacrificed and seminiferous tubules isolated from testes were cut into small segments under a dissecting microscope to identify light (early stages I-IV and late stages XI-XII) and dark (middle stages VII-VIII) segments of the seminiferous epithelium. Ten to twelve light segments (2 mm in length) were placed per well on a six well plate with 2 ml serum free medium of F-10 Ham nutrient mixture (Gibco, Life Technologies, Grand Island, NY) following these treatments: control (Con, n = 15 where n is the number of times the treatment was repeated with segments obtained from different donor animals), heat (43°C, 15 min; used as a positive control, n = 10), HN 10 lg/mL (HN, n = 9), doxorubicin 1 lM (Dox1, n = 7), doxorubicin 1 lM ? HN 10 lg/mL (Dox1?HN, n = 7), doxorubicin 10 lM (Dox10, n = 10), and doxorubicin 10 lM ? HN 10 lg/mL (Dox10?HN, n = 10). After 12 h of incubation at 34°C with 5 % CO 2 , the seminiferous tubules from the seven treatment groups were used to make ''squashed'' seminiferous tubule preparations on a slide for TUNEL assay to detect germ cell apoptosis [35] . To quantify the rate of germ cell apoptosis, the squashed segments of seminiferous tubules were examined with an American Optical Microscope (Scientific Instruments, Buffalo, NY) with a 409 objective and a 109 eyepiece lens. A square grid fitted within the eyepiece provided a reference area of 62,500 lm 2 . The TUNEL positive apoptotic germ cells within the frame of grid were counted in 4 segments of seminiferous tubules in each group. The incidence of germ cell apoptosis was expressed as the number of apoptotic germ cells per mm 2 . 
Tissue preparation
To facilitate testicular fixation by using a whole-body perfusion technique, all animals were injected with heparin (130 IU/100 g BW, IP) 15 min before a lethal injection of sodium pentobarbital (200 mg/kg BW, IP) [14] . One testis was removed and weighed after perfusion with saline. Portions of testicular parenchyma were snap frozen in liquid nitrogen, and stored at -80°C for Western blotting. The other testis was fixed by vascular perfusion with Bouin's solution, and processed with routine paraffin embedding for in situ detection of apoptosis.
Western blotting analysis
Western blotting was performed as described previously [36] . In brief, proteins were denatured and separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) system (Invitrogen, Carlsbad, CA). After transferring, the Immuno-blot PVDF Membrane (Bio-Rad, Hercules, CA) was blocked for 1 h and then probed using anti-STAT3 or anti-pSer727 STAT3 (Cell signaling Technology, Inc., Beverly, MA) overnight at 4 C with constant shaking. After washing, membrane was then incubated with an anti-mouse (for STAT3 antibody, Santa Cruz Biotechnology, Santa Cruz, CA) or anti-rabbit (for pSer727 STAT3 antibody, Amersham Biosciences, Piscataway, NJ) IgG-HRP secondary antibody. All antibodies were diluted in blocking buffer. For immunodetection, membrane was incubated with enhanced chemiluminescence solutions per the manufacturer's specifications (Amersham Biosciences, Piscataway, NJ), and exposed to Hyperfilm ECL (Denville Scientific Inc., Metuchen, NJ).
Assessment of apoptosis
Detection of apoptotic cell was performed in Bouin's-fixed, paraffin-embedded testicular sections by the terminal deoxynucleotidyl transferase (TdT)-mediated deoxy-UTP nick end labeling (TUNEL) technique [37] using an ApopTag-peroxidase kit (Chemicon International, Inc., Temecula, CA). Enumeration of the Sertoli cell nuclei with distinct nucleoli and apoptotic germ cell population was quantified at stages I-IV (early stages), stages VII-VIII (middle stages) and stages XI-XII (late stages) of the seminiferous epithelial cycle using an Olympus BH-2 microscope (New Hyde Park, NY). Stages were identified according to the criteria proposed by Russell et al. for paraffin sections [38] . The rate of germ cell apoptosis (apoptotic index, AI) was expressed as the number of apoptotic germ cells per Sertoli cells [37] .
Statistical analysis
Statistical analyses were performed using the SigmaStat 2.0 program (Jandel Cooperation, San Rafael, CA). The Student-Newman-Keuls test after one-way repeated measures ANOVA was used for statistical significance. The seminiferous tubule culture experiments were replicated 7-15 times and for animal experiments each group has 4-5 mice. Differences were considered significant if p \ 0.05.
Results
Effect of doxorubicin on germ cell apoptosis in seminiferous tubule cultures
In short term (12 h) ex vivo seminiferous tubule cultures HN (10 lg/mL) treatment alone had no significant effect on germ cell apoptosis when compared with control. As expected, heat exposure (43°C, 15 min) serving as a positive control significantly increased the rate of apoptosis compared to control and HN treated groups (p \ 0.05). We found in previous studies that HN (10 lg/mL) prevented the heat induced germ cell apoptosis (data not shown). Low dose doxorubicin (1 lM) treatment increased apoptosis but did not reach statistical difference because of the large In the squashed tubules, the germ cells undergoing apoptosis were mainly pachytene spermatocytes and round spermatids, no apoptotic spermatogonia were detected.
Effects of HN and HNG on CP-induced apoptosis in testis
Synthetic HN or HNG peptide alone did not change the spontaneous germ cell apoptosis. CP treatment increased germ cell apoptosis at both early?late stages (I-IV and XI-XII) ( Fig. 2 (Fig. 4a) . HN-C8P on its own had no effect on germ cell apoptosis and showed less protection against CP-induced apoptosis (Fig. 5a upper panel, HN-C8P *30 % protection, versus *60 % in HN, p \ 0.05), and no significant effect in middle (VII-VIII) stages which was similar to HN ( Fig. 5a bottom panel) . Adding HN to HN-C8P?CP showed decreased CP-induced apoptosis as CP?HN both in early?late (I-IV and XI-XII) and middle stages (VII-VIII) (Fig. 5a) . Phosphorylation of Ser727 and Tyr705 leads to activation of STAT3. Immuno-blot analyses on testis homogenates showed that STAT3 phosphorylation had no significant change with HN or either HN analogue treatment under basal conditions in mice (Figs. 4b, 5b) . CP treatment suppressed Ser727-phosphorylated STAT3 in testes (p \ 0.05; Figs. 4b, 5b) . HN, HN-S7A, and HN-C8P treatment restored CP-induced Ser 727-phosphorylation of STAT3 (all p \ 0.05) (Figs. 4b, 5b) . Adding HN to the combination of CP?HN-S7A or CP?HN-C8P did not further enhance STAT3 phosphorylation.
Effects of HN Antagonist, HN-L12A, on CP induced male germ cell apoptosis Synthetic HN analogue HN-L12A alone did not change the spontaneous germ cell apoptosis. CP-induced germ cell apoptosis was significantly (*57 %) inhibited by HN administration (40 mg/kg BW) in early?late stages (I-IV and XI-XII) (Fig. 6 upper panel, AI of CP?HN: 0.13 ± 0.01, p \ 0.05 compared with AI of CP group: 0.25 ± 0.01), but not in middle stages (VII-VIII). HN-L12A was unable to rescue the CP-induced germ cell apoptosis either in middle (VII-VIII) or early?late stages (I-IV and XI-XII) (Fig. 6) . Adding HN-L12A at the same dose as HN (40 mg/kg BW) completely blocked the preventive effect of HN against CP-induced germ cell apoptosis in early?late stages (I-IV and XI-XII) (Fig. 6 , CP 0.25 ± 0.01, CP?HN: 0.13 ± 0.01, CP?HN?HN-L12A: 0.25 ± 0.03). We were not able to show the blocking effect of HN-L12A on HN action in middle stages (VII-VIII) because HN and HN-L12A had no effect of apoptosis in the middle stages.
Discussion
Infertility and sub-fertility are among the most common long-term side effects of chemotherapy. Studies in men and rodents show that chemotherapy can result in decreased sperm count and reproductive capacity [26, 27, [39] [40] [41] . Increased survival with modern chemotherapeutics has elevated the expectation of fertility preservation in cancer survivors [28] . CP and DOX are two drugs which are commonly used in the treatment of cancers, either alone or in combination with other chemotherapeutic agents. These medications induce cancer cell apoptosis but also damage testicular germ cells [25] . By treating cultured mouse seminiferous tubule with DOX, we showed that HN significantly reduced doxorubicin induced germ cell apoptosis ex vivo. CP has been used in well characterized animal models to study the adverse effects on male germ cells [42] . We showed that HN significantly reduced CP-induced germ cell apoptosis in mice mainly in the early and late stages of the seminiferous tubule epithelium. Thus, HN prevents chemotherapeutic agents-induced male germ cell apoptosis. Recently, a putative trimetric receptor (with three components: CNTFRa, IL-27 receptor WSX-1, and gp130) was found on the neuronal cell membrane that mediates the neuro-protective activity of HN via the STAT3 pathway [19] [20] [21] . Our unpublished data demonstrated that WSX-1 and gp130 (but not CNTFRa) and downstream activation of STAT3 is critical for HN-induced anti-apoptotic effects in male germ cells. In this study, we found that CP-induced male germ cell apoptosis in vivo by reducing pSTAT3 in the testis and HN restored the CP-suppressed STAT3 phosphorylation. This is consistent with our previous finding that HN reduced heat or GnRH-A-induced apoptosis by reversing the heat or GnRH-A induced suppression of STAT3 phosphorylation [12] . These data support that the STAT3 phosphorylation pathway is one of the mechanisms for anti-apoptotic effect of HN in male germ cells. The ubiquitous expression of STAT3 in the testis (data not shown) suggests that the action of HN might not only target germ cells. More studies are required to explore whether HN via STAT3 will act on Sertoli cells, Leydig cells or other cell types to exert its cytoprotective effect on germ cells. In present study, we explored the mechanisms of the protective effect of HN by using different HN analogues. HN has 24 amino acids and one amino acid change modifies its function [33] . For example, HNG (change of the 14th amino acid from serine to glycine, HN-S14G) is more potent than HN in preventing cell damage [31] [32] [33] . Using 1/8 the dose of HN by injection, HNG showed similar cytoprotective effect against CP-induced germ cell apoptosis as HN, indicating that HNG is more potent than HN in vivo. This finding is consistent with the notion that HNG has greater protective effects on neuronal cells or tissues than HN. Double amino-acid substituted analogue HNG-F6A does not bind IGFBP-3 [23] . The present study showed HNG-F6A and HNG had similar protective effects against CP-induced germ cell apoptosis at equivalent doses, indicating that the cytoprotective effects of HN and its more potent analogues on male germ cells is unrelated to its binding to IGFBP-3. This is similar to analogous experiments showing that HNG-F6A and HNG increases glucose stimulated insulin secretion to a similar extent in both isolated islets/cell culture and whole animals [43] .
The sequence motif from Pro3 to Pro19 forms the core domain of the 24 amino acid sequence of HN. Within the core domain, each amino acid, Pro3, Cys8, Leu9, Leu12, Thr13, Ser14, and Pro19, but not Ser7, have been found to be essential for the neuro-protective function of HN [1, 44] . HN-S7A is a dimerization-defective mutant, i.e. HN-S7A does not self-dimerize and does not dimerize with HN. HN-S7A has no cytoprotective effect in neuronal cells in vitro indicating that the self-dimerization process is essential for HN's neuro-protective function culture [34] . In our in vivo experiment, HN-S7A was effective in preventing CP-induced germ cell apoptosis but did not affect the ability of HN to protect CP-induced male germ cells apoptosis suggesting that the self-dimerization process may not be critical for HN's cytoprotective effect in testis in vivo. Thus the loss of the cytoprotective effect of HN-S7A in neuron cell culture experiments were not replicated in mouse experiments in vivo. The action of HN-S7A may be different in vitro versus in vivo where interactions with HN-S7A may enhance its activity. Three components (CNTFRa, WSX-1, and gp130) of a humanin receptor were found on the neuronal cell membrane that mediates the neuro-protective activity of HN. Our unpublished work demonstrated that only WSX-1 and gp130 (but not CNTFRa) are critical for HN-induced anti-apoptotic effects in male germ cells (data not shown). The assembly of different subunits of membrane receptor of HN in testis may be one of the reasons that self-dimerization may not be necessary for HN's effect in testis as that in neuron. We also found that HN-S7A suppressed CP-induced male germ cell apoptosis both in early?late stages (I-IV and XI-XII) as well as middle stages (VII-VIII), while HN only suppressed CP-induced apoptosis in early?late but not in middle stages. This suggests that HN-S7A may have additional mechanism for protecting male germ cells which require further identification. Western blot analyses showed both HN and HN-S7A restored the CP-suppressed STAT3 phosphorylation supporting that the mechanism of the cyto-protective effects of HN and HN-S7A is mediated through the IL6-like trimeric membrane receptor. Cysteine at position 8 is an amino acid essential for HN's neuro-protective function [1, 22, [44] [45] [46] [47] [48] . HN-C8P does not bind with BAX and shows no anti-apoptotic effects in cell culture [22, 34] . Our experiments showed that in vivo HN-C8P partially prevented CP-induced germ cell apoptosis but was less potent than HN. This finding indicates the intracellular binding to BAX may play a role, but not a major part, in protective effect of HN in CP-induced germ cell death which is consistent to our previous observations [12] . Western blot showed that HN-C8P restored the CP-suppressed STAT3 phosphorylation which suggests but does not prove that the mechanism of HN-C8P's protective effect may be through membrane receptor.
The sequence motif from Leucine 9 to Leucine 12 plays a functional role as a hydrophobic core of the HN peptide [1, 34, 44] . Although replacement of Leu12 with Alanine does not attenuate HN's secretory activity, HN-L12A lacks the ability to bind with membrane receptor and has no antiapoptotic effect in cell culture [34] . HN-L12A dimerizes with HN prevents its binding to the receptors acting as a HN antagonist. In the present study, HN-L12A did not prevent CP-induced germ cell apoptosis but completely blocked the cytoprotective effect of HN against CP-induced male germ cell apoptosis at similar dose of HN. These results indicated that membrane receptor binding ability is important for HN and HN analogues cytoprotective activity. Published data from other investigators showed that HN-S7A and HN-C8P had no cytoprotective effect in vitro [1, 34, 44] , while we found that these two HN analogues partially protected male germ cell from CPinduced apoptosis in vivo. The contrasting effects of HN analogues (such as HN-S7A and HN-C8P) in vitro and in vivo suggest that HN and HN analogues may be modified in vivo or may act through different pathways or systems (e.g. IGF-1 pathway, [49] ) instead of directly affecting the target cells or organs. Arakawa et al. studied the biological activity and structural stabilities of HN analogues. Theses investigators also concluded that different biological activities of HN analogues could not be explained only by one simple factor (e.g. the structure stabilities) [48] . Our published data showed that HN prevents male germ cell apoptosis induced by different stress mainly by binding to the putative membrane receptor and STAT3 pathway but it is known that HN also binds extracellularly to IGFBP-3 [32, 50] or intra-cellularly to BAX [22, 46, 50] , we conclude that mechanism of HN's antiapoptotic effect in male germ cell is complex and may act through multiple pathways including in vivo modification of HN and its analogues. Understanding of the mechanisms of HN action may help to design specific targets that may be used for drug development, e.g. agonists that protect male germ cells from stress-induced death (e.g. testicular hyperthermia, hormonal deprivation, or chemotherapy). In present study, the germ cells undergoing apoptosis were mainly pachytene spermatocytes and round spermatids. We did not observe apoptotic spermatogonia likely due to the short duration of exposure to CP (12 h ex vivo and 24 h in vivo). Male germ cells at different stages of the seminiferous epithelium have different mechanisms regulating the balance between apoptosis/survival homeostasis. We have shown that germ cells in early?late stages in acute experiments are more susceptible to heat stress than those middle stage germ cells; while middle stages germ cell apoptosis could be induced by testosterone deprivation [14] [15] [16] . In the present study, HN showed preventive effects against CP induced apoptosis in early?late but not in middle stages most likely because of the protective effect of intratesticular testosterone present in the middle stages. If we examined the testis after longer exposure to CP we expect that the early?late stage apoptosis will progress to involve middle stage germ cells.
In summary, we have demonstrated that: (1) HN significantly prevents male germ cell apoptosis induced by chemotherapeutic agents both ex vivo and in vivo; (2) the anti-apoptotic effect of HN, HN-S7A, and HN-C8P on CPinduced male germ cell apoptosis is mainly mediated through the cell membrane receptor and downstream STAT3 pathway; (3) lack of IGFBP-3 binding ability does not neutralize HNG's cytoprotective effect in testis; (4) self-dimerization may not be necessary for HN preventing CP-induced germ cell apoptosis in vivo; (5) BAX-binding pathway may also play a role in HN's protective effect; (6) HN-L12A is an antagonist to HN preventing its cytoprotective effect in germ cell apoptosis in vivo. HN may be an important molecule in the regulation of germ cell homeostasis and may have roles in male infertility and prevention of chemotherapy-induced onco-infertility [51] .
